The present trials aimed to investigate the effects of replacing fish meal with plant proteins in diets for cod, using a regression design where fish meal constituted the control. The plant protein diets were formulated to meet the amino acid requirements according to NRC (1993) and contained corn gluten meal, soybean meal, a mixture of these, or a mixture of wheat gluten meal and soybean concentrate. The plant protein fraction constituted up to 440 g kg )1 of the extruded diet. Two feeding experiments were conducted, one at high (11°C) and one at low (6.5°C) temperature. High growth and feed utilization were obtained in all diet groups at both temperatures. However, only in Exp.1 (11°C), growth and feed utilization were linearly reduced by increases in dietary soybean and corn gluten meal, while no such effect was detected in Exp.2 (6.5°C). Reductions in protein retention were seen at both temperatures with use of all evaluated plant protein sources. Due to large amounts of plant protein ingredients in diet, differences in diet amino acid composition were seen. These were partly reflected in the muscle free amino acid pool. Dietary plant ingredients did not affect whole body, liver or muscle proximate compositions, or liver indices. In both experiments, blood parameters were within the range of earlier reported normal values and indicated, together with low mortality, good fish health status. The results show that there is high potential to use protein-rich plant ingredients in diets for Atlantic cod.
Introduction
Interest in cod farming has increased during the last years, mostly due to dramatic decline in landings from wild stocks and increased cost. To date diets for Atlantic cod (Gadus morhua L.) have been based on high-quality fish meal. The use of only high-quality fish meal in diets for cod will not be sustainable due to high costs and expected reduced availability as production mass increases (FAO 2002) . Alternative raw materials are therefore necessary to ensure a sustainable production.
Plant proteins may have different biological values in fish dependent on water temperature (Lo`pez-Urrtia & Acuna 1999), and along the Norwegian cost there is great variations in sea temperature between winter and summer. Atlantic cod tolerate a wide rage of temperatures and optimal temperature is found to vary with body size, ranging from 14.3°C for 50-g fish to 5.9°C for 5000-g fish (Bjo¨rnsson & Steinarsson 2002) . It may be useful to determine the temperature effects on the utilization of nutrients to optimize diet composition, e.g. towards summer and winter specific diets.
Plant protein sources as soybean and corn gluten might be good candidates to substitute fish meal in diets for cod, as these are readily available in high quantities at low prices and are rich in protein (corn gluten 600-700 g kg )1 and soybean 400-500 g kg )1 ). Some of the problems observed in other fish species using various plant protein sources includes reduced growth (Gomes et al. 1995; Kaushik et al. 1995; Refstie et al. 1998 Refstie et al. , 2000 Storebakken et al. 1998; Kikuchi 1999; Regost et al. 1999; Carter & Hauler 2000; Krogdahl et al. 2003; Opstvedt et al. 2003; Go`mez-Requeni et al. 2004; Lim et al. 2004) , increased feed conversion ratio (FCR) (Refstie et al. 1998; Krogdahl et al. 2003; Opstvedt et al. 2003) , reduced protein utilization (Robaina et al. 1995; Refstie et al. 2000; Opstvedt et al. 2003) and morphological changes in the intestine (van den Ingh et al. 1991; Baeverfjord & Krogdahl 1996; Refstie et al. 2000; Storebakken et al. 2000; Krogdahl et al. 2003; Sanden 2004) . Some of these problems may be connected to utilization of plant proteins and associated with unbalanced amino acid composition, and the presence of anti-nutritional factors (Francis et al. 2001; Krogdahl et al. 2003) . On a protein basis, corn gluten is especially low in lysine and arginine while soybean is low in methionine when compared with fish meal and the expected requirements of fish (NRC 1993) . Unbalanced amino acid composition can result in reduced retention, and a higher portion of the protein directed towards catabolic processes (Walton et al. 1984; von der Decken & Lied 1993 ), e.g. will a decrease in the indispensable/dispensable amino acid (IAA/DAA) ratio result in increased protein catabolism (Go´mez-Requeni et al. 2003; Vilhelmsson et al. 2004) . The free amino acid pool in cod muscle is shown to be slightly affected by feeding Lyndon et al. 1993; Carter et al. 1995) . It is suggested that the free amino acid pool serves as a reservoir for protein synthesis and protein growth, and may be involved in regulation of these processes (Carter et al. 1995) . Alanine aminotransferase (ASAT) and aspartate aminotransferse (ALAT) are two aminotransferases that is quantitatively important in transamination of amino acids. Vitamin B 6 , in the form pyridoxal-5-phosphate, acts as a cofactor catalyzing the action of these enzymes. Increases in transamination can happen if the diet is unbalanced in amino acids, e.g. when using plant proteins instead of fish meal protein, and the optimal amino acid requirement for cod has never been established, neither the need for vitamin B 6 . To monitor body reservoirs of vitamin B 6 might give an indication whether the diet levels are insufficient. ASAT and ALAT are mostly active in liver and kidney, but there is also some activity in muscle (Albrektsen 1994) . Leakage of these organ specific enzymes to the plasma compartment will indicate organ dysfunction, e.g. if liver cells are destroyed by too high fat or glycogen levels, or if any pathological conditions occur in liver or kidney (Racicot et al. 1975) .
Cod is a lean fish species, storing most of its surplus fat in the liver, and where most of its limited muscle fat is found as phospholipids (Lie et al. 1986; Dos Santos et al. 1993) . Cod has a high need for dietary proteins, and a low protein energy/total energy ratio is found to increase the liver size, resulting in dietary recommendations being low in fat and high in protein (Lied & Braaten 1984; Lied & Rosenlund 1984; Lie et al. 1988; Morais et al. 2001; Nanton et al. 2003; Rosenlund et al. 2004) . Intestinal damages can lead to inflammatory reactions which in turn are expected to result in increased plasma lysozyme (Ingram 1980) . In addition to haematological values, measurements of lysozyme activity in plasma may therefore be of diagnostic value in determination of health status of fish (Ingram 1980; Sandnes et al. 1988) .
Diet composition influences the water-soluble protein fraction in muscle . The water-soluble protein fraction is expected to influence the quality of lean fish muscle, and it is therefore important to determine how changes in feed ingredients affect this fraction and secondary eventual consequences for quality.
The aim of the present study was to elucidate the potential to use plant proteins in diets for Atlantic cod, at two various water temperatures. Fish were fed diets where fish meal was replaced by corn gluten meal, soybean meal, a mixture of these, or a mixture of wheat gluten meal and soybean concentrate, in a regression design up to 440 g kg )1 plant ingredients in the feed. Measurements of growth, feed utilization, efficiency of protein and lipid depositions, organ proximate compositions, muscle free amino acid profiles, transaminase activities and concentrations of vitamin B 6 , were undertaken and are discussed in relation to the potential use of plant protein ingredients in cod feeds.
Materials and methods

Feed and experimental design
Atlantic cod were fed 15 different dry extruded diets, produced as 5-mm pellets by Skretting Aquaculture Research Centre (Stavanger, Norway). The design was a regression design with four increasing levels of solvent-extracted soybean meal (40-160 g kg )1 of diet) and four increasing levels of corn gluten meal (60-240 g kg )1 of diet) as the plant protein source, where the increasing level of plant protein was made by substitution of LT-fish meal. Additionally, four crossover diets with a mixture of soybean meal and corn gluten meal (ratio 2 : 3, constituting 100-400 g kg )1 of the diet), and two diets with a mixture of soya concentrate and wheat gluten meal (ratio 1 : 1, constituting 220 and 440 g kg )1 of the diet), were used. The control diets were based on fish meal as the only protein source. Total protein level varied from 533 to 559 g kg
, and lipid from 141 to 163 g kg )1 . Dietary starch level varied from 90 to 150 g kg )1
. Fish oil and wheat meal were used as the main sources for fat and starch respectively. Equal quantities of vitamin and mineral premixes were added to all diets to meet NRCrecommendations (NRC 1993) . In addition, to the diet designed with 440 g kg )1 soya concentrate plus wheat gluten meal, DL-methionine was added to meet requirement levels. The diets with the lowest levels of fish meal were also added In each experiment, 1600 fish were randomly distributed into 16 tanks (100 in each) of 1.5-m diameter and 1-m water depth. Water flow was 40 L min )1 in all tanks. All tanks were exposed to 24-h light. The fish were fed in excess by automatic disc feeders (Storvik AS, Sunndalsøra, Norway) over a period of 1.5 h every day. After every feeding uneaten feed was collected, dried at 65°C, weighed and subtracted from the amount offered, to calculate feed consumed. Mortalities were registered daily, and dead fish were removed and weighed.
Sampling
All fish were weighed (g) and fork length (mm) measured individually at start, in the middle and at the end of both experiments. Five fish from the start population and from each tank at the following samplings were killed with a blow to the head and blood samples were then immediately drawn from the caudal vessels (Vena caudalis). Haematocrit (Hct) was determined for each fish immediately after blood sampling and individual blood samples was held on ice (4°C) until analysis of red blood cell count (RBC) and haemoglo- bin (Hb). Half of the blood samples were centrifuged at 3000 g within 10 min, plasma separated and pooled to one sample per tank and frozen at )80°C until analyses. These fish were dissected after blood sampling, carcass and liver were weighed and about 2-g muscle samples were taken and immediately frozen on liquid nitrogen. The samples were stored at )80°C until pooled samples from each tank were analyzed for free amino acids and vitamin B 6 content. The remaining liver and muscle were pooled for each tank, homogenized and stored at )20°C before analyses of fat, protein, dry matter and glycogen content. A subsample of each muscle homogenate was stored at )80°C for isoelectric focusing of the water-soluble part of the muscle protein.
Additionally five fish from each tank were sampled, pooled and homogenized for analyses of whole body proximate composition.
Analytical methods
Feeds were analyzed for proximate composition; Dry matter was determined by differences in weight after drying at 104°C for 24 h. Total nitrogen was determined with a nitrogen element analyzer (LECO, FP-428; system 601-700-500; Perkin Elmer Coop., Norwalk, CT, USA), and crude protein calculated as N · 6.25. Fat was determined gravimetrically after acid hydrolysis and extraction with di-ethyl ether and ash gravimetrically after combustion at 540°C for 16 h. Starch was analyzed using an enzymatic method as described by Hemre et al. (1989) .
Pooled homogenized samples of whole fish, muscle and liver were analyzed for moisture (gravimetric determination after drying at 104°C for 24 h), protein (as described for feed), fat (gravimetrically after ethyl acetate extraction according to Lie (1991) and glycogen according to Hemre et al. (1989) . In addition, muscle was analyzed for free amino acids [postcolumn Ninhidrin detection on a Biochrom 20 plus (Biochrom AG, Berlin, Germany)] and pyridoxine (analyzed microbiological using Sacc. pastorianus, ATCC 9080). Isoeletric focusing of the water soluble protein fraction of muscle was performed by homogenizing 20-g muscle in 20-mL purified water, centrifugation at 3000 g and adding 25 lL supernatant to a polyacrylamide gel at pH 4.0-6.5 according to Ampholine Ò PAGplate Instructions (Pharmacia LKB Biotechnology, Uppsala, Sweden, 1990). Blood was analyzed for Hct, Hb and number of RBC, and the indices mean cell volume (MCV ¼ (Hct/RBC) · 10), mean cell haemoglobin (MCH ¼ (Hb/RBC) · 10) and MCH concentration (MCHC ¼ (Hb/Hct) · 100) were calculated as described by Sandnes et al. (1988) . Blood plasma was analyzed for ASAT and ALAT activities, concentrations of glucose, total protein, cholesterol and triglycerides (TAG) according to Technicon RA1000 methods No. SM4-0137D91 for ASAT, SM4-0134D91 for ALAT, SM4-0143D91 for glucose, SM4-0147D91 for total protein, SM4-0139D91 for cholesterol and SM4-0173D91 for TAG (Technicon Instruments Corporation, Tarrytown, NY, USA). Lysozyme was determined by measuring degradation of a bacteria solution consisting of Micrococcus lysodeikticus, using an iEMS Reader MF (Labsystems, Sweden). A reduction in absorbance with 0.001 min )1 corresponded to 1-unit lyzosyme activity. 
Calculations
Statistics
MiniTab 13 (MiniTab Inc., State College, PA, USA, 1998) was used to evaluate linear regression and Spearman rankorder to evaluate non-parametric correlation between plant feed sources, amount of plant protein in the diets and analytical results. Spearman rank-order was applied using CSS: Statistica TM 6.0 software program (Statsoft Inc., Tulsa, USA, 2004) . Principal component analysis (PCA) was used to evaluate muscle free amino acid composition versus total amount of plant protein in the diets and the dietary amino acid profiles. PCA analyses were performed using the software program Sirius 6.5 (P.R.S Ltd, Bergen, Norway).
Results
Diets
Analyzed dietary levels of fat and protein were nearly identical, and close to the targeted levels of 550 g kg )1 protein and 150 g kg )1 fat in all diets (Table 1) 
The diets with increased levels of corn gluten (including the diets with a mixture of corn gluten and soybean meal) differed from the pure soybean and fish meal diets showing decreased concentrations of lysine ( Fig. 3b) , arginine, threonine, valine, methionine, taurine ( Fig. 4b) , asparagine, hydroxyproline and glycine, and increased concentrations of phenylalanine, leucine, alanine, proline, tyrosine, glutamine and serine. The diets with soya concentrate and wheat gluten were especially high in proline and glutamine, and low in alanine, lysine and methionine, compared with all other diets. All diets met the expected need for vitamin B 6 (NRC 1993) , and the level in the diets was not influenced by dietary protein source.
Growth, feed and protein utilization increasing levels of plant proteins in diets independent of plant protein source. Furthermore, the daily amount of feed consumed also increased with increasing levels of plant protein in the diet if the diets containing soya concentrate plus wheat gluten (SC/WG-diets) were excluded (Y ¼ 154.08 + 0.45x, R 2 ¼ 0.34, P < 0.05) ( Table 2) .
Protein efficiency ratio (PER) was greater in Exp.2 (average 2.60 ± 0.12) than in Exp.1 (average 2.38 ± 0.27) ( Table 2 Final weight (g), final length (mm), condition factor (CF), specific growth rate (SGR), feed conversion ratio (FCR), hepasomatic index (HSI), protein productive value (PPV), protein efficiency ratio (PER) and total and daily feed intake (g) for cod fed diets with increasing levels of plant proteins for 13 weeks at 11°C (Exp.1) and 20 weeks at 6.5°C (Exp.2).
Weight and length is given as mean ± SD (n The average HSI was 9.8% and 11.3% in Exp.1 and 2, respectively, and HSI was not influenced by increasing dietary plant protein or with specific plant protein sources (Table 2) .
Free amino acid concentrations in muscle
The concentration of IAA and DAA muscle free amino acids is given in Tables 4 & 5 . The concentrations of the IAAs methionine, leucine, valine and threonine, the DAAs alanine and proline, and amino containing compounds ß-alanine, a-aminobutyric acid and urea (Table 6 ) in muscle were all A. The concentrations of arginine, lysine, phenylalanine, glycine, glutamic acid, serine, tyrosine, asparagine and hydroxyproline were nearly equal in both experiments. There was no increase or decrease in the sum of IAA, sum of DAA, total sum of all free amino acids or in the ratio IAA/DAA, with increasing plant protein in either of the trials. Principal component analysis plot of the free amino acids in muscle is shown in Fig. 2 . Most of the muscle free amino acids group together with the diets in both trials, except for the 22SC/22WG diets that stand out from the rest of the diets and tend to correlate with proline. In both experiments regression analysis showed a significant increase in histidine concentration with increasing dietary plant protein (Exp.1: concentration with increasing plant protein levels. These effects were not seen when the SC/WG diets were excluded from the regression. In Exp.2 there was a significant reduction in lysine (Fig. 3a) , taurine (Fig. 4a) and glycine (Y ¼ 0.504 ) 0.005x, R 2 ¼ 0.31, P < 0.05) concentrations and an increase in proline (Y ¼ 0.048 + 0.014x, R 2 ¼ 0.75, P < 0.0001) concentrations with increasing dietary levels of plant protein.
When the soybean diets (4S, 8S, 12S and 16S) was excluded from the regression with lysine and glycine there was still a significant effect, and the decrease was then a corn gluten effect. The decrease in taurine and the increase in proline was an overall plant protein effect giving a significant regression for all the plant sources and the mixes alone.
The water soluble protein component of muscle
Isoelectric focusing of the muscle water soluble protein fraction showed no differences in the bands between diet groups in Exp.1. In Exp.2, the pattern in muscle from fish given the two diets with soy concentrate and wheat gluten differed from the other diet groups. In both experiments some differences were seen when compared with a wild cod muscle control (Fig. 5 ).
Health
Mortality was independent of diet in both trials. Total mortality (all fish, whole period) was 9.7% and 2.8% in Exp.1 and 2 respectively (Table 7 ). The range of haematological values in Exp.1 and 2 is given in Table 7 . Haematological values did not vary between the two experiments, and the levels of Hct, Hb and RBC were not influenced by diet. In Exp.1, regression analyses showed a significant decrease in MCV with increasing dietary plant protein levels (Y ¼ 163.0 ) 0.48x, R 2 ¼ 0.47, P < 0.01). No such effect was observed in Exp.2, however, in that experiment there were significant reductions in MCHC (Y ¼ 18.54 ) 0.06x, R 2 ¼ 0.37, P < 0.05) in response to increasing levels of plant proteins. The ranges found in plasma nutrients are given in Table 7 , and some differences were identified between Exp.1 and 2. Larger variations were found in plasma glucose and cholesterol concentrations in Exp.1 (glucose; 3.9-10.3 mmol L ). Regression analyses showed no influence of diet on ASAT and ALAT activities in Exp.1, whereas in Exp.2, ALAT and ASAT activities were reduced in response to increasing dietary levels of soybean plus corn gluten meal (ALAT:
activity was below detectable level in both experiments.
Discussion
Growth, feed and protein utilization
The present results indicate that a significant amount of the dietary fish meal protein can be substituted by various plant protein sources without any adverse effects on health, growth, feed or protein utilization in cod. However, results were slightly lower than when the pure fish meal (LT-quality) was used, in agreement with a recent study evaluating various soybean qualities in cod diets (Refstie et al. 2006) . Water temperature is known to affect growth in fish (Holdway & Beamish 1984) , e.g. fish at low temperatures have lower feed intake (Peck et al. 2003) . The present expectations were therefore that fish reared at 6.5°C would reach the same weight after approximately 20 weeks as the fish reared at 11°C after approximately 13 weeks (Karlsen Ø., unpublished growth models), which was not confirmed. Furthermore, low temperature did not affect the biological value of the plant raw materials used in the present study with cod.
The decreases in growth in Exp.1 (11°C) due to increased dietary plant protein, especially in the corn gluten diets, correspond to earlier findings in Atlantic cod (von der Decken & Lied 1993), Atlantic salmon (Salmo salar) (Olli et al. 1995; Refstie et al. 1998 Refstie et al. , 2000 Storebakken et al. 1998; Carter & Hauler 2000; Krogdahl et al. 2003; Opstvedt et al. 2003) , rainbow trout (Oncorhyncus mykiss) (Pongmaneerat & Watanabe 1992; Gomes et al. 1995; Kaushik et al. 1995) , turbot (Psetta maxima) (Regost et al. 1999), carp (Cyprinus carpio) (Viola et al. 1992) , blue catfish (Ictalurus furcatus) (Webster et al. 1992) , Korean rockfish (Sebastes schlegeli) (Lim et al. 2004) , gilthead sea bream (Sparus aurata) (Robaina et al. 1995; Go`mez-Requeni et al. 2004) and Japanese flounder (Paralichthys olivaceus) (Kikuchi 1999) when using different plant protein ingredients. In contrast, no effects on growth due to increases in plant proteins were registered at the lowest water temperature (Exp.2 and 6.5°C), indicating that cod rearing can successfully be done on cheaper and more sustainable diets also during the winter months. However, the retention of protein (PPV especially) seemed to be reduced as inclusion of plant protein increased in agreement with earlier findings in rainbow trout (Vilhelmsson et al. 2004) and Atlantic salmon (Opstvedt et al. 2003) . The range of FCR in our experiments was in line with early reported studies in cod (Lie et al. , 1990 Hemre et al. 1989 ) but a bit high compared with Morais et al. (2001) and Rosenlund et al. (2004) . The increased FCR as plant protein increased (both experiments) corresponds to earlier findings for Atlantic salmon (Refstie et al. 1998; Krogdahl et al. 2003; Opstvedt et al. 2003) . In Exp.1, decreased protein utilization and increased FCR resulted in reduced growth, whereas in Exp.2, fish were able to compensate with a higher feed intake as protein utilization was reduced, thus obtaining a maximum growth rate independent of the present diet variations. The lower protein utilization in Exp.1 probably started in the intestine, showing responses to increased plant protein by reduced digestibility results (Hansen et al. 2006) , and can be partly explained by the presence of anti-nutritional factors (Francis et al. 2001) , however no gut damages were observed (Hansen et al. 2006) . No reduction in protein digestibility and minor effects on protein utilization in Exp.2 can be explained by increased protein metabolism, as these fish were able to compensate with a higher feed and thereby protein intake (Walton et al. 1984) . Most plant proteins, including the present used, are rich in protein but are imbalanced in some amino acids compared with carnivorous fish requirements (NRC 1993) . All diets used in the present studies held above recommended levels of IAA, but still did vary. The corn gluten diets reflected that corn protein in general is low in lysine, tryptophan and arginine, and the diets with soybean meal reflected that this source generally is low in methionine (Anderson et al. 1992) . NRC (1993) is based on trials with cold-pressed pelleted diets, generally showing lower growth rates than heatextruded diet used in the present study. Therefore, shortage in one or more IAA might have occurred, which would result in deamination of other amino acids in the liver (Walton et al. 1984; von der Decken & Lied 1993) . Go´mez-Requeni et al. (2003) and Vilhelmsson et al. (2004) showed that a A B C Figure 5 Isoelectric focusing of cod muscle from a wild cod control (a) and cod fed diets with 110 g kg )1 soy concentrate plus 110 g kg
wheat gluten (b) and 40 g kg )1 soybean meal (c) for 20 weeks at 11°C. decrease in the IAA/DAA ratio in the feed resulted in increased protein catabolism in rainbow trout. As the proportion of plant protein in our diets increased the ratio IAA/ DAA decreased. This indicates that the increased protein intake concomitant with increased proportion of plant protein could be due to increased protein catabolism. Vilhelmsson et al. (2004) observed increased activity of liver enzymes involved in energy metabolism with the use of high levels of plant proteins in rainbow trout diets. Their theory was that fish fed diets with plant protein had higher energy demands than fish fed fish meal based diets. Vitamin B 6 is involved as a cofactor in transamination of amino acids, but the lack of diet dependent variation in vitamin B 6 concentration observed in feed, muscle and liver indicates sufficient vitamin B 6 to take care of needed transamination reactions independent of the present inclusions of plant proteins (Albrektsen et al. 1993) .
Fish composition and liver size
Whole body, muscle and liver concentrations of dry matter, fat, protein and glycogen were in the same ranges as earlier findings in cod (Lie et al. 1987; Hemre et al. 1989 Hemre et al. , 2004 Morais et al. 2001) . The different protein sources gave no effect on the whole body, muscle or liver compositions, except for muscle and liver glycogen concentrations that increased with increasing inclusion of corn gluten, most likely due to increased starch in those diets and in line with studies on other species (Cowey et al. 1975; Hilton & Atkinson 1982; Hemre et al. 1995) . Diet is earlier shown to have little effect on the muscle composition of cod (Hemre & Hansen 1998; Morais et al. 2001) and haddock (Melanogrammus aeglefinus) (Nanton et al. 2003) . However, dietary fat clearly results in increases in both liver fat levels and its relative size (Lie et al. 1987; Nanton et al. 2003) . In the present experiments, the fat level in the feed did not vary, explaining no variation in HSI between dietary treatments or experiments. HSI was in the same range as for farmed cod given the same level of dietary protein and fat . As there were no differences between the two experiments in organs and whole body compositions, temperature in the range from 6.5 to 11°C probably does not affect relative energy deposition in cod.
Free amino acid composition in muscle
Compared with findings by Lyndon et al. (1993) , concentration of arginine was lower and concentrations of histidine, lysine, serine, proline and aspargine were higher in our two experiments. Lyndon et al. (1993) evaluated the free amino acid composition of cod muscle 0, 6, 12, 18 and 24 h after feeding, and found no significant difference in the composition dependent on time after feeding, but a tendency towards increased content after 18 h. The latter was confirmed for Atlantic salmon by Mente et al. (2003) . In our trials, sampling was not timed, but took place between 16 and 24 h from last feeding. The higher concentration of several free amino acids in muscle in the low temperature experiment compared with the high temperature experiment, might be involved in cod's ability to resist lowered temperatures by increases in osmolality, normally measured in plasma, but in the present also in the muscle free amino acid fraction, and in agreement with findings for several species (Knapp & Wieser 1981; Schaarschmidt et al. 1999; Ahmad et al. 2000) .
Of the IAA lysine and histidine showed the greatest concentrations, which corresponded to findings in salmon by Mente et al. (2003) but not to earlier findings in cod (Lyndon et al. 1993) where arginine and threonine showed the highest concentrations. The very high taurine concentration in the present experiments was in agreement with earlier findings in cod (Lyndon et al. 1993 ) and other species (Wilson & Poe 1974; Andreasen et al. 1993; Espe 1993; Schaarschmidt et al. 1999) . Taurine is only found in the free amino acid pool and is probably involved in the osmoregulation of fish muscle (Boyd et al. 1977) . The concentration of the transaminase products in Exp.2 was high and suggests that the deamination of amino acids was high in all groups, which agrees with earlier suggestions of an overall high protein turnover in fast growing fish (Go´mez-Requeni et al. 2003; Sveier 2004 ). This was further confirmed by the high growth rates at both temperatures, but especially in Exp.2.
Increases and decreases in specific amino acids in the muscle free amino acid pool are reflecting changes in diet amino acid profile (Lyndon et al. 1993) . Increases in free histidine and proline concentrations in muscle correlated with increases in histidine and proline concentrations in the feed in accordance with earlier findings in Atlantic salmon fed corn gluten (Mente et al. 2003) , and in gilthead sea bream fed pea, canola and lupin meals (Go´mez-Requeni et al. 2003) . It has been shown that the level of free lysine in muscle of Atlantic salmon reflects the level of lysine in the diet and reduced concentration of dietary lysine might result in reduced growth and feed utilization if requirements are not met , agreeing with the results from Exp.1. However, cod in Exp.2 were able to compensate with higher feed intake to maintain optimal growth, confirmed also by slightly increased FCR. These results indicate a slight lysine deficiency in the diets high in corn gluten which could be compensated for by increased feed intake to maintain growth. However, as very few requirement studies are performed in cod at fast growth rates NRC 1993) our results points to a need to re-evaluate recommendations especially, when diet ingredients changes to include large portions of plant protein resources.
The water soluble protein part of the muscle
The differences in pattern of the muscle water soluble protein fraction between farmed and wild cod are in agreement with earlier findings by Hemre et al. (2004) . These authors also showed effects of macro nutrient level on the protein pattern. In our trial, muscle from fish on the two diets with wheat gluten showed a different pattern compared with all the other diet groups, indicating that not only the level of macronutrients, but also the source, affect the muscle water soluble protein fraction, further confirmed also in a variable muscle free amino acid composition. 2D gel proteomic evaluation of cod muscle would be a valuable tool for in-depth studies evaluating diet effects on changes in muscle water soluble protein fraction. This was, however, beyond the scope of the present-reported studies.
Health
The high growth rate together with low mortality and unaffected haematological values indicate acceptable fish health in all groups in both experiments (Lie et al. 1990; Hemre et al. 2002; Rosenlund et al. 2004) . However, the blood cells were a bit smaller (MCV), and haemoglobin concentrations also lower (MCH and MCHC) than earlier reported values for cod (Lie et al. 1990) . Additionally MCV in Exp.1 and MCHC in Exp.2 decreased as plant protein inclusion increased, independent of source, indicating the need for further investigations on, e.g. spleen and head kidney function, both organs active in either the immune function (head kidney) or the maturation of red blood cells (spleen) (Ha¨rding & Ho¨glund 1983; Sanden 2004) . The levels of plasma ASAT and ALAT, although showing some variations, indicated normal functions of both liver and kidney (Sandnes et al. 1988) . No detectable levels of plasma lysozyme confirm no problem with inflammatory reactions.
Concentration of plasma nutrients in the present trials were within earlier reported values for cod . The decreases in cholesterol and TAG concentrations with increasing levels of plant proteins can be related to the reduction in micelle formation in the intestine due to increased fibre (anti-nutrients) in the diets (Krogdahl et al. 2005 ) and/or increased secretion of bile salts that binds to NSP (non-starch-polysaccharides) that leads to loss of cholesterol with faeces. However, results indicate overall high nutritional status in both experiments.
Conclusion
Some reductions in protein utilization, and increases in FCR, were observed with increased dietary levels of plant protein, however compensated for by increased feed intake in fast growing cod. There were no indications of increases in transaminase activities and the amino acid requirements seemed to be met, maybe except for lysine in diets high in corn gluten. Variations in some of the dietary amino acids were reflected in the muscle free amino acid pool, which might have influenced protein turnover. Neither fish composition nor energy storage was affected by diet. Relative liver size, HSI, was unaffected by the different plant ingredients. Poorer utilization of the plant protein raw materials at low temperatures was expected, but not confirmed. The high growth rates, lack of mortality and normal haematological values, show a fairly good potential to use plant protein to replace fish meal in diets for cod.
